Abstract This paper proposes a Compromise Programming (CP) model to help investors decide whether to construct photovoltaic power plants with government financial support. For this purpose, we simulate an agreement between the government, who pursues political prices (guaranteed prices) as low as possible, and the project sponsor who wants returns (stochastic cash flows) as high as possible. The sponsor's decision depends on the positive or negative result of this simulation, the resulting simulated price being compared to the effective guaranteed price established by the country legislation for photovoltaic energy. To undertake the simulation, the CP model articulates variables such as ranges of guaranteed prices, technical characteristics of the plant, expected energy to be generated over the investment life, investment cost, cash flow probabilities, and others. To determine the CP metric, risk
of non-related portfolio selection problems combining CP with stochastic variables see [33] . Other papers related to multicriteria decision making (MCDM) methods applied to renewable energy problems are, for example, [25] , [18] , [35] , [20] .
The aim of this work is to develop a CP model to find a compromise solution taking into account both the sponsors' and governments interest in order to construct a photovoltaic power plant with government financial support. From the sponsor's point of view, returns should be as high as possible, namely, the energy price should be as high as possible. In contrast, the government wants to agree an energy price as low as possible, which is acceptable for consumers and industrial firms in the country as well as for inflation control. Then the variable to be considered in the model is the simulated energy price, which must be less than (or equal to) the government guaranteed price.
Let us better explain the objectives of the current paper.
1. First objective. To propose a compromise programming model to obtain a simulated energy price to help the decision maker (sponsor) to make a satisfying decision about the "to invest or not to invest" dilemma. 2. Second objective. To develop a case study concerning a photovoltaic power project in the province of Extremadura, western Spain. This project was designed in year 2010 for a photovoltaic power plant, whose technical characteristics are described in Section 3. Investment life was estimated in 25 years.
Therefore, unlike Goal Programming (GP), the CP ideal is not a target established by the decision maker from his own views and judgments. GP stems from the Simonian paradigm describing decision makers as seekers of satisfying solutions rather than optimal solutions. The CP solution is obtained by minimizing the distance between a frontier basket and the ideal. As compared to goal programming, compromise programming is rooted firmly in the Pareto system of optimizing rather than the Simonian system of satisficing, although goal programming is a powerful method of decision [3] . Combining CP with fuzzy set analysis (as suggested in a working paper by [26] ) is also appealing in our context to describe the government's and the sponsor's criteria in an imprecise way.
The paper is organized as follows. In Section 2, the proposed method is analytically formulated by starting with technological and economic concepts related to solar power plants. In Section 3, the case study is developed through numerical tables. The paper closes with concluding remarks.
Methodology
An investor potentially interested in the renewable energy sector has the opportunity of constructing a photovoltaic power plant on a predetermined site from an advanced project of engineering. This decision maker (here called the sponsor) would undertake the investment with government financial support, which is granted via prices assigned to renewable energy projects. The political price for photovoltaic investments is called the guaranteed price. To make a satisfying decision about the "to invest or not to invest" dilemma, the sponsor simulates an agreement between the government, who wants political prices as low as possible, and the investor, who wants stochastic returns as high as possible.
The method relies on the simulation of an agreement between the government agency ( briefly called "the G agency") and the sponsor. Accordingly, we simulate this agreement in the following terms.
(i) The G agency accepts to pay a political price for the energy generated by the photovoltaic power plant. (ii) The sponsor accepts to meet technical and environmental conditions under government control.
To reconcile opposing interests and to achieve an equitable agreement, an arbiter is designated to manage the process [5] . In the current paper, the role of the arbiter is played by the analyst, who uses CP to look for a compromise solution to the agreement, thus obtaining simulated prices for the energy. This simulation does not involve assuming a particular modality of agreement such as project finance [28] , [19] .
We use the following notation and definitions: p = energy price (euros per kWh), which is obtained by the CP model as previously noted. p 0 = guaranteed energy price. p gmax = highest energy price acceptable by the government. p smin = lowest price accepted by the sponsor. This price derives from the probability of obtaining positive cash flows (see subsection 2.3 below). e = Stochastic annual energy (kWh a year) to be produced by the solar power plant. This is a sthocastic variable, as depending on stochastic variables such as solar radiation, temperature, network losses and so on. This is an observable datum for the analyst, although an uncertain datum [23] , [14] . For a single period of time, such as a month, the average values for irradiation in a given territory can present high differences depending on the reference source used for estimation. This is a consequence of the uncertain character of the solar radiation. It cannot be stated that one of the typical records for a given period is more representative than others. Future records may follow that records with the same probability. R = pẽ = Stochastic annual revenue to be received by the sponsor. This is a stochastic variable as energy production is uncertain.
In our context, cash flows are stochastic variables as the revenues are uncertain. These variables are critical in the simulated agreement together with the energy price. Guarantees are not given by the sponsor but they are only given by the cash flows themselves.
We consider the following costs. First, capital cost which should be annualized. Second, operating, maintenance and environmental costs. Third, yearly financial costs. The interest rate to be charged depends on risk, which is not previously known. Indeed, the financial cost will be established later by the bank, once the bank knows the terms of the simulated agreement, risk and so on. Then, as an example, we here propose a rate between 5 percent and 10 percent tentatively.
Notation for these costs is as follows.
C 1 = annual amortization cost (euros a year).
C 2 = operating, maintenance and environmental cost (euros a year).
C 3 = financial cost (euros a year).
Cash flows to be received by the sponsor, expressed in euros/year, are as follows:F =R − C Let p be the resulting simulated price. If p is less than (or equal to) guaranteed price p 0 , then the simulation advises to invest. Then, the sponsor's decision is made as follows:
To agree if p <= p 0 ; Not to agree if p > p 0
(1)
Probability of receiving positive cash flows
We start with the following statements. Assumption 1. Stochastic annual energyẽ is normally distributed with mean valueē and standard deviation σ e . Mean value and variance are estimated by the analyst from previous experiences. Property 1. From Assumption 1, stochastic annual cash flowF is normally distributed as follows:
From the tabulated standardized values of normal distribution (2), probability B(p) of receiving positive cash flows for a given price p on the project is obtained, namely:
In this sense, B(p smin ) will be the lowest probability of positive cash flows accepted by the sponsor, and B(p gmax ) will be the probability of positive cash flows given the guaranteed energy price established by the G agency (see subsection 2.2 below).
The government cannot accept energy prices too high because of inflation problems and consumers claims. Therefore, the arbiter/analyst should ask the G agency about the highest energy price acceptable by the government. Thus, the following dialogue between the arbiter/analyst and the G agency is proposed.
Arbiter/analyst: -"Which would be the highest energy price (p gmax ) acceptable by the government?" -G agency: -"Around 0.2 euros per kWh" -Obviously, p gmax = 0.2 is a mere example of an answer. As this is a simulated dialogue, we estimate the answer from observed historical trends in guaranteed prices.
On the opposite side of the problem, we face the opinion of the project sponsor, who fears energy prices might be too low. From his point of view, the lower the energy price, the higher the probability of losses in the project. This leads us to the following dialogue between the arbiter/analyst and the sponsor.
Arbiter/analyst: -"Consider the probability of benefit from the project in the form of earning positive cash flows. In your opinion, which would be the lowest level acceptable for this probability?" -Sponsor:
-"Around 80%" -Therefore, in this illustrative example, we would have, B(p smin ) = 80%. From equation (2) and price p gmax given by the dialogue between the arbiter/analyst and the G agency, we obtain B(p gmax ).
From equation (3) and probability B(p smin ), given by the dialogue between the arbiter/analyst and the sponsor, we obtain p smin , namely, the minimum price acceptable by the sponsor.
CP model for photovoltaic power plants
Faced with the simulated agreement, each party, the G agency and the sponsor, is concerned with a different criterion, which leads to the decision variables x 1 and x 2 as follows:
(i) G agency criteria. As noted, the major concern of the G agency is the energy price. The government wants to agree an energy price as low as possible, which is acceptable for consumers and industrial firms in the country as well as for inflation control. As the energy price behaves as "the more the worse", this price is normalized and measured on "the more the better" scale by this change of variable:
which is the decision variable for the G agency.
(ii) Sponsor criteria. Concerning the sponsor, the criterion is different since this company is interested in receiving positive cash flows, which means having probability B (p) greater than zero, this probability being as higher as possible. Therefore, "the more the better" normalized decision variable for the sponsor is as follows:
In this CP model, the space of criteria corresponds to the space of decision variables. The CP ideal point is an infeasible point representing the best for each party. As to the G agency, the ideal is a normalized energy price x * 1 = 1, while the ideal for the sponsor is x * 2 = B(p gmax ) − B(p smin ). In Figure 1 , the CP setting is graphed.
This figure is a standard CP setting for two criteria. On the horizontal axis, we take the normalized energy price, which behaves "the more the better". On the vertical axis, we take the probability of receiving cash flows greater than 1. Point I(x * 1 , x * 2 ) is the ideal or anchor value where the ideal value for the G agency is x * 1 = 1 and the ideal value for the sponsor is x *
Curve BLC is a CP univocal frontier. According to Zeleny's axiom of choice [37] , we have the following objective function:
where, w 1 and w 2 are preference weights for the first and second criteria, respectively. As neutral weights, we take w 1 =w 2 = 0.5.
h is the CP metric 1 ≤ h ≤ ∞ . Minimization (4) is subject to the following constraint:
together with the non-negativity conditions. Constraint (5) implies that price must range between p gmax and p smin , namely, between the highest price acceptable by the government and the lowest price acceptable by the sponsors.
In CP, distances are not generally measured with the Euclidean metric but with a metric other than 2. In most applications, the usual metrics are either 1 (Linear metric) or ∞ (infinity metric), also called the infinity norm. Linear metric is appealing to decision makers (DMs) who seek large outcomes involving imbalanced solutions in exchange for balanced (non-corner) solutions. In contrast, higher metrics such as the quadratic one or even higher are more appealing to DMs who turn to the precautionary principle of avoiding corner solutions. An extreme metric for the balancing purpose is the infinity norm. We assume risk aversion, which involves using the infinity norm or any very high metric (see [4] , [6] ). After this, we will carry out a sensitivity analysis to compare results.
Case study
This case deals with project Ermita, a solar power plant in Extremadura, western Spain. Although "Ermita" is a fictitious name, this is a real world project, whose features and technical data are described as follows.
-Project date: 2010 -Distances from the plant to Madrid and Lisbon: 250 km and 400 km, respectively. -Nominal power output: 5000 kW.
-Crystalline cell modules.
-Land: 28 hectares (Type II in the Spanish legislation).
-Useful life of the project: 25 years.
Information on energy
In Table 1 , precise estimates of energy to be generated by the solar power plant over 25 years from the installation date are displayed. Energy to be produced is a stochastic variable depending on uncertain variables such as sunny days, temperature, and others. This table gives us energy expected values. To estimate variability, we first estimate a coefficient of variation from previous technical data. From this coefficient, we estimate the standard deviation. Variables in Table 1 The computation process is as follows: W peak = peak power = 1.2W nom = 1.2 × 5000kW = 6000kW W peak,t = peak power in each year = g t W peak , where g t is a reduction coefficient given in Table 1 .
H N = Net hours = 0.995×0.985×0.7989H B = 0.782981918H B = 0.782981918× 2136 = 1672 hours. e t = W peak,t H N in kWh. e = mean value of discounted expected energy, which appears at the bottom of Table 1 (last column) .
σ e = 0.034 × 5309.86 = 180.87. This standard deviation is computed by assuming a coefficient of variation equal to 3.4%.
Information on costs
In Table 2 , expectations on costs over 25 years since the installation date are recorded. Prices and costs are specified in deflacted euros referred to year 2010. Aggregate cost Ct in year t, namely, the sum of columns (1), (6) and (7) for costs C 1t , C 2t and C 3t , respectively. (9) Present value C 0 t of Ct in year t.
Physical depreciation and obsolescence cost, which remain constant along the time, is computed by the following equation:
annual depreciation cost = investment cost -residual value uselful life of the project Financial costs are computed as follows. To construct the plant, a loan of 80% of the investment cost is taken, namely, 0.80 × 23348.25 = 18678.60 (thousands of euros) Interest rate is 8.5%. As shown in the table, financial costs decrease over time as the annuity of principal to be repaid decreases.
Aggregate cost C t , which is recorded in column (8) , is discounted at rate 5%, thus obtaining C
Stochastic cash flows and their probabilities
In Table 3 , standardized cash flows, which are assumed to be governed by a normal distribution, are displayed. In the last columns, probabilities related to these cash flows are recorded. This table is used to determine points on the CP frontier. Each point is computed from the energy price, which appears in column (1) . These frontier points range between the 8 th and the 13 th rows, which are highlighted in bold. These bounds are obtained from the following dialogues. 
Compromise Programming model: Results
From the theoretical statements in Section 2 and by using the previous numerical information, Table 4 is constructed. In Table 4 , metric 200 is used, as this metric is a proxy for the infinity norm, which is appealing to risk averters. Weights 0.5 are neutral weights, namely, they are not in favor of any of the parties. By using Lingo 11.0 software (an Optimization Modeling Software for Linear, Nonlinear, and Integer Programming, LYNDO Systems), the CP solution is found. In the last column of the table, this solution is highlighted in bold. Thus, the simulated price is p=0.251324 e/kWh. In year 2010, when project Ermita is conceived, the guaranteed prices (e/kWh) set in Spain for photovoltaic energy (type II) were as follows: 0.281045 (first quarter), 0.273178 (second quarter), 0.265509 (third quarter) and 0.258602 (fourth quarter), with an average of 0.269584. From equation (1) , the "to invest or not to invest" dilemma is solved by comparing the resulting simulated price to the guaranteed prices just recorded. This comparison leads to ratio (p 0 − p)/p = 7.27. Therefore, the CP model advises to move forward with the project.
Sensitivity analysis
In Table 5 , a sensitivity analysis is undertaken for different metrics and weights 0.5. Table 5 Project Ermita: Sensitivity analysis (w 1 = w 2 = 0.5) for various metrics What if the metric changes, other things being equal? Suppose we use metrics from 1 to 5. Then, we obtain energy price p = 0.248925. Now, suppose we use metrics from 6 to 200 and higher. Then, the energy price changes to price p = 0.251324. Therefore, when the choice of metric is limited to high metrics close to the infinity norm, the metric does not influence the results. Thus, the CP model is quite robust.
Concluding remarks
As a contribution to theory, the method stated in Section 2 can help the decision makers solve the "to invest or not to invest" dilemma by comparing the simulated price to the guaranteed price in investments financed by the government via price-support. It is worth noting that the method can be used not only in the photovoltaic energy field but also for investments in other renewable energy sectors, and even for investments in activities subsidized by the government when the subsidies have an effect equivalent to via pricesupport. Clear examples are farmers' decisions on crops in the framework of guaranteed price-based agricultural policies, which were widely implemented in Europe and other countries during the 20 th century. Currently, there are activities in sectors such as education, healthcare, transport, mining and others, which receive government financial support via subsidies that have an effect equivalent to via price-support.
As a contribution to practice, project Ermita is an actual case, which illustrates the method through numerical tables concerning annual energy production, technological coefficients related to this energy and economic variables such as stochastic revenues, cash flows and their significant probabilities. This information in detail can help practitioners analyze other photovoltaic power projects and design the CP model to solve the "to invest or not to invest" dilemma.
Further research could be conducted to extend the method to other types of renewable energy. Fuzzy analysis might be used to avoid crisp language in formulating the criteria.
